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A series of thin, mechanically oscillated vanes is placed upstream of an offset-strip fin array in an attempt to 
enhance the thermal performance of a heat exchanger by exciting flow instabilities that have previously been linked 
to an enhancement in heat transfer. Dye-in-water flow visualization experiments are conducted to provide a 
qualitative proof-of-concept for this work-in-progress, by matching flow characteristics in a forced array to the well-
documented unforced case. Flow visualization experiments demonstrate that when the array is subjected to harmonic 
forcing at specific frequencies and amplitudes, flow instabilities appear within the array, and these flow instabilities 




The offset-strip fin geometry has been proven to enhance heat transfer experimentally (DeJong and Jacobi, 1995 and 
1997, and DeJong et al., 1998) and numerically (DeJong et al., 1998, and Saidi and Sundén, 2001). Additionally, 
Manglik and Bergles (1995) presented a review of contemporary literature on offset-strip fin heat exchangers. All of 
these works attribute the increase in thermal performance to the restarting of boundary layers on the fins and the 
onset of spanwise vortex shedding. For typical interrupted-fin arrays, boundary layer restarting increases heat 
transfer by approximately 40% compared to a plain-fin baseline, and the onset of vortex shedding increases heat 
transfer by an additional 40% (Jacobi and Shah, 1998). Heat transfer is maximized when the leading row of fins 
generates vortices, and these vortices are advected through the array. Unfortunately, the greatest thermal 
performance enhancement is seen for Reynolds numbers that are generally higher than those in practical HVAC&R 
applications. 
 
Jacobi and Shah (1998) suggested that self-sustained flow unsteadiness and thermal wake management are key to 
thermal performance in interrupted fin heat exchangers, and that it would be ideal to manipulate the fin surface 
geometry to exploit heat transfer-enhancing flow instabilities. Following this methodology, Ge et al. (2002) and 
Smotrys et al. (2003) attached delta-wing vortex generators on some of the fins of an offset-strip fin array. While 
their results demonstrated an increase in heat transfer due to the generation of spanwise and streamwise vortices, the 
delta-wings suppressed naturally occurring flow instabilities. The result was an increase in heat transfer for most 
Reynolds numbers and a concomitant increase in required pumping power for these Reynolds numbers.  
 
A two-stream shear layer flow is similar in many respects to flow in interrupted fin arrays and has been well 
documented in the literature. Ho and Huang (1982), Oster and Wygnanski (1982), and Koochesfahani and 
Dimotakis (1989) all experimentally demonstrated that low-amplitude, low-frequency forcing by a harmonically 
oscillating airfoil led to a significant increase in flow instability in shear layers when compared to the unforced case. 
Zaman and Hussain (1981) demonstrated that there exist specific forcing frequencies and amplitudes that actually 
stabilize the flow in shear layers. Koochesfahani (1989) showed that slight waveform variances from harmonic 
oscillations could lead to even greater flow instabilities than for the harmonically forced case. Furthermore, 
Simmons and Lai (1981) were able to reproduce the same flow behavior seen in forced shear layers in the wake of a 
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jet, leading us to believe that given appropriate forcing frequencies and amplitudes, large-scale flow instabilities can 
be created in the offset-strip fin array of interest in air-conditioning, heat pumping, and refrigeration systems. 
 
In this paper, we demonstrate enhancement of the well-documented, naturally occurring flow instabilities of an 
offset-strip fin array by placing thin oscillating vanes upstream of a model array. These vanes oscillate in a manner 
similar to that which has been shown to generate large-scale flow instabilities in shear layers. We intend to 
demonstrate that low-amplitude, low-frequency forcing at critical values of amplitude and frequency can excite 
natural flow instabilities of the array to appear at lower Reynolds numbers than in the unforced case, and that these 
instabilities yield a dramatic heat transfer enhancement with a minimal increase in overall required pumping power. 
As a complementary, study we seek to discover forcing frequency and amplitude combinations that suppress flow 
instabilities present in an unforced offset-strip fin array, thus potentially decreasing the heat transfer of the system. 
 
2. EXPERIMENTAL SETUP 
 
2.1 Water Tunnel 
A closed-loop water tunnel was used to conduct the dye-in-water flow visualization experiments. A schematic of the 
water tunnel is shown in Figure 1. A 1/2 hp centrifugal pump controlled by a variable frequency controller was used 
to circulate the water during the experiments. The water flowed through the pump, a plenum, screens, a honeycomb, 
a 6:1 area-ratio contraction, the test section, a return plenum, and a magnetic flow meter before returning to the 
pump. The test section was made of 12.7 mm thick clear Plexiglass. The internal cross-sectional area of the test 
section measured 152.5 mm square and was 431.8 mm long. 
 
           
 
Figure 1: Schematic of closed-loop water tunnel              Figure 2: Schematic of LxL offset-strip fin array 
 
The dye used for these experiments consisted of green food coloring mixed with water. The dye was gravity fed 
through a rubber tube to a 1.3 mm diameter stainless steel injection needle that was aligned with the free stream. An 
airfoil-shaped casing surrounded the needle to minimize flow disturbances. For most experiments the water tunnel 
and dye reservoirs were filled twelve hours prior to use. This allowed the dye and the tunnel water to equilibrate to 
room temperature, thus minimizing the thermal buoyancy effects of the injected dye. When the dye and tunnel water 
were allowed to equilibrate, the injected dye was neutrally buoyant. This was checked by injecting the dye into the 
tunnel while pump was turned off and observing the motion of the dye. The temperature of the water was recorded 
before and after each experimental run, and an average of these two temperatures was used to compute the water 
viscosity. Velocity in the water tunnel was determined by measuring the transit time of a dye marker over a 
prescribed distance (uncertainty is discussed later). 
 
Area Observed in Figure 3 
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Images for these experiments were recorded using a Nikon Coolpix 4500 digital camera. High-resolution still photos 
were obtained, along with lower-resolution digital videos, to demonstrate the behavior of the flow through the array. 
The camera was mounted on an optical rail to facilitate image matching between experiments. 
 
2.2 Offset-Strip Fin Array 
A model offset-strip fin array was constructed from 3.18 mm (t) thick Plexiglass. The array consists of 48 fins 
measuring 146.0 mm wide by 25.4 mm (L) long that are arranged in an LxL manner as shown in Figure 2. The fins 
are anchored at both ends into Plexiglass base-plates measuring 152.4 mm by 203.2 mm. The fin spacing, S, fin 
thickness, t, and fin length, L, were used to calculate the hydraulic diameter, Dh=39.5 mm, for the model offset-strip 
fin array using the following equation: 
 
  = Dh
2 ( )− S t L
 + L t         
 (1) 
The array entrance geometry was designed to minimize flow instabilities created by the base plates of the offset-strip 
fin array. The base-plate walls at the leading edge of the test section were made from 3.18 mm thick Plexiglass that 
tapered in the upstream direction to a point at a 5.3-degree angle. It was necessary to attach top and bottom plates to 
the entrance geometry to maintain structural integrity of the array. The top plate was above the water flow, but the 
bottom was made from 0.81 mm stainless steel with a leading edge taper at a 12.9-degree angle. The addition of the 
bottom plate required the insertion of a 0.81 mm stainless steel plate beneath the offset-strip fin array as well. 
 
2.3 Mechanical Forcing 
A series of six 1.27 mm thick stainless steel vanes was used to introduce the unsteady forcing in our experiments; 
see Figure 2. Aside from the thickness, the geometry of the vanes matched that of the fins in the array. The vanes 
were mounted in 3.18 mm thick Plexiglass side walls, so that when inserted into the test section, they would be in 
line with the fins in the leading row of the offset-strip fin array. The vanes pivoted about an axis 0.51 mm from the 
center of the vane length. This slight off-axis mounting was necessary to accommodate all required forcing 
mechanisms and linkages. The pivots of the vanes were made from bronze to act as a lubrication-free bearing.  
 
It was desired to oscillate all the vanes in unison, so a rigid driving rod made from 2.29 mm diameter stainless steel 
linked the six vanes together. The driving rod was mounted at the trailing edge of the vanes, and was positioned so 
that its motion would not greatly affect the free stream flow. 
 
A Labworks LW-126-13 shaker system was used to oscillate the vanes. This system consists of an ET-126-B1 
electrodynamical shaker and a PA-138 linear power amplifier. This system provides precise control of the amplitude 
and frequency of the oscillations. The shaker was mounted on a frame above the test section, designed to isolate the 
mechanical vibration of the shaker from the water tunnel. A LabVIEW virtual instrument panel was developed to 
generate the desired waveforms that were output to the shaker. The output frequency was verified using an HP 100 
MHz digitizing oscilloscope. The linear power amplifier did not allow for an accurate method of measuring the 
excitation amplitude, so the system was calibrated using the thickness of a fin from the array as a base amplitude and 
varying from that amplitude in percentage increments.  
 
3. FLOW VISUALIZATION 
 
3.1 Experimental Procedure  
 
Baseline experiments were performed without forcing vanes in the test section, and the observed flow characteristics 
correlated well with previous results for offset-strip fin arrays over the Reynolds number range of interest (with 
steady, oscillating, and vortex-shedding flow manifest in the expected Reynolds number ranges). In another series of 
experiments, non-oscillating vanes at zero angle of attack were placed 25.4 mm upstream of the model array. This 
set-up verified that the presence of the vanes did not alter the flow in the baseline array. A final baseline experiment 
was conducted with the shaker vibrating but not connected to the vanes, to validate adequate mechanical isolation.  
 
For experiments on the effects of forcing, the oscillating vanes were positioned 25.4 mm upstream of the offset-strip 
fin array and in-line with the leading row of fins. Experiments were conducted with the dye flowing across the 
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oscillating vanes at the leading row of fins, and between the oscillating vanes and impinging on the adjacent row of 
fins. The adjacent-row experiments proved to be more useful because the dye streak patterns reflected only 
instabilities created by the array, and not simply vortices shed from the oscillating vanes. For all experiments, a 
continuous dye streak was used and the flow behavior was observed from the injection point, through the vane area, 
through the array, and in the downstream wake following the array. 
 
Experiments were conducted for several different Reynolds numbers ranging from 400 to 2000 and a variety of 
forcing frequencies and amplitudes. The Reynolds number for these experiments was based on the hydraulic 




ν         
 (2) 
 
Uncertainties in the measurement of velocity, array geometry, and the temperature-dependent viscosity were used to 
estimate the Reynolds number uncertainty as below 3.5% for all the results presented in this paper. 
 
The fin thickness was used as a baseline amplitude and the difference in flow instabilities caused by a deviation of   
-50%, -20%, +20%, and +50% from this baseline was examined. For the amplitude-variation experiments, the 
forcing frequency was fixed at the natural vortex shedding frequency, fvs, of the offset-strip fin array. This frequency 







        
 (3) 
 
where Ua is the array-averaged velocity, fvs is the vortex shedding frequency, and t is the fin thickness. Since the fin 
thickness did not change from experiment to experiment, the vortex shedding frequency is directly proportional to 
velocity (or Re for a fixed temperature) through the array. This frequency was then used as the baseline frequency 
for the frequency-variation experiments, and observations were made at deviations of -50%, -20%, +20%, and +50% 
from the baseline frequency. The baseline forcing frequency and amplitude were always used when comparing the 
effect of mechanical forcing for different values of Reynolds number. 
 
3.2 Experimental Results 
 
For low Reynolds number flows (Re < 750) the array showed no sign of increased flow instability due to forcing. 
We believe that this is primarily due to the dominant viscous forces in this laminar flow. However, small, heat 
transfer-enhancing flow instabilities may have been created, but were not visualized with the dye-in-water flow 
visualization method. This possibility will be revisited during future heat transfer measurements and particle image 
velocimetry experiments. 
 
For intermediate Reynolds number flows (750 < Re < 1600), the forced array experienced significantly increased 
flow instability when compared to the baseline case. The baseline array for this Reynolds number range experiences 
periodic flows between some of the rows of fins, and a few fins experience vortex shedding. This behavior becomes 
more prevalent as Reynolds number increases. Figure 3 demonstrates the effect of the imposed mechanical forcing 
at the baseline forcing amplitude and frequency for Re = 1163. The images shown in Figure 3 are of the flow across 
all rows of fins and through channels four and five of the offset-strip fin array as outlined in Figure 2. The flow 
through the baseline, unforced offset-strip fin array is displayed in Figure 3a. For this Reynolds number, the flow is 
steady and laminar through most of the array with periodic fluctuations appearing only between the sixth and eighth 
rows of fins and with vortex shedding only on the final row of fins. Figure 3b shows the flow through the offset-strip 
fin array at the same Reynolds number subject to unsteady forcing by the mechanical vanes oscillating at the vortex 
shedding frequency of the array and with an amplitude equal to the thickness of the fins, t. Here it can be observed 
that a sustained, separated region forms behind each of the fins, a flow phenomenon characteristic of periodic flow, 
which can also be observed in this figure. It is clear that the flow instabilities generated by the upstream fins are 
advected downstream causing vortices to form over the trailing fins in the array. All of the observed fluid structures 
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correlate with the naturally occurring flow structures of unforced offset-strip fin arrays (at higher Reynolds 
numbers) that are known to enhance heat transfer. It is also important to notice that the incoming flow was 
unaffected by the oscillating vanes; thus, all of the fluid behavior observed in the offset-strip fin array occurred 
because of instabilities in the array and not because of direct interactions with the oscillating vanes. 
 
For higher Reynolds number flows (Re > 1600), the baseline, unforced offset-strip fin array experiences large flow 
instabilities. All rows of fins shed vortices, and periodic flow can be found throughout the array. It was difficult to 
determine the true effect that mechanical forcing has on flows in this Reynolds number range, but it was apparent 
that forcing contributed a periodic fluctuation of the free stream between the vanes and the array. Similar to the low 
Reynolds number flows, this range of Reynolds numbers will need to be quantitatively investigated through heat 
transfer and particle image velocimetry experiments to determine the effects of unsteady forcing in more detail. 
 
The effects of variations in frequency and amplitude were also investigated. An example of such effects can be seen 
in Figure 4 where the Reynolds number was fixed at 1052, and the forcing frequency was varied. When the 
frequency is lowered below the baseline vortex-shedding frequency by 20% the free stream flow preceding the array 
becomes slightly periodic. This periodic flow becomes magnified within the array, and causes visibly larger flow 
instabilities within the array than for the baseline case, see Figure 4a. Although this may lead to a further 
enhancement of heat transfer, these flow instabilities are apparently influenced by the movement of the vanes; thus, 
they appear not to be generated completely within the array. As frequency is decreased to 50% of the baseline 
frequency, the identified periodicity in the inflow increases, but the flow behavior within the array is similar to that 
seen in the unforced baseline experiments. When the frequency was increased to a value 20% greater than the vortex 
shedding frequency, the flow instabilities seen in the array disappeared, and the flow appeared to be steady and 
laminar regardless of the forcing, see Figure 4c. This trend continued as the frequency was increased 50% above the 
baseline frequency. The corresponding baseline frequency can be seen in Figure 4b. 
 
Unlike the other parameters observed in our experiments, the effect of the forcing amplitude on the flow instabilities 
created in the array was best observed when the dye was injected so that it flowed over the oscillating vanes and 
directly at the first row of fins in the array. From these observations it was clear that vortices were created at both 
the leading and trailing edges of the vanes, and that these vortices were advected downstream, into the array, at a 
displacement on the order of the forcing amplitude above and below the vanes. Low-amplitude forcing caused the 
vortices to impinge on the leading edge of the first row of fins, diminishing them greatly. High-amplitude forcing 
caused the vortices to advect down the channels between the fins with little interaction with the fin surfaces. Both 
the low- and high-amplitude forcing cases displayed little variation from the baseline case when the dye was injected 
between the vanes on the adjacent row of fins. Our baseline forcing amplitude equal to the fin thickness allowed the 
advected vortices to sweep across the surfaces of the leading row of fins and become amplified. Only forcing with 
oscillation amplitudes of the order of the fin thickness generated any noticeable natural flow instabilities to occur in 




When forced at specific frequencies and amplitudes, the model offset-strip fin array experienced a dramatic increase 
in flow instability in the range of 800 < Re < 1500. The flow instabilities observed during these experiments were 
similar to those previously documented to significantly enhance heat transfer (at higher Reynolds number) in 
unforced arrays. Variations in forcing frequency and amplitude lead us to believe that the optimal forcing frequency 
is of the order of the natural vortex shedding frequency of the offset-strip fin array for a given array-averaged 
velocity, and that the optimal forcing amplitude is on the order of the thickness of the fins within the array. 
Quantitative thermal performance experiments will be carried out in the near future to determine the overall heat 
transfer of the system as well as the corresponding pressure drop penalty that is associated with the implementation 
of unsteady forcing in an offset-strip fin array heat-exchanger system 
 
Less dramatic changes in the flow instabilities were noticed for Reynolds numbers below 800 and greater than 1500 
and for flows forced at frequencies and amplitudes other than the near-optimal ones discussed herein. Coupling the 
thermal performance experiments to particle image velocimetry experiments will allow us to determine 
quantitatively the effect of unsteady forcing for these experimental cases.  
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Figure 3: Flow through the model offset-strip fin array for Re = 1163; a) without any forcing, and b) with 
mechanical forcing at the vortex-shedding frequency and an amplitude equal to the fin thickness. 
(Please note that the circle appearing between the first and third row of fins is an air bubble that was trapped 
between the wall of the test section and the base plate of the array. It did not affect the flow in any way.) 
Dye Streak 
Periodic Flow Vortex Shedding 
 
a) 
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Figure 4: Flow across the first four rows of fins (Re = 1052) for:  






Dh hydraulic diameter (mm) 
fvs vortex-shedding frequency (Hz) 
L fin length (mm) 
Re Reynolds number () 
S fin spacing (mm) 
St Strouhal number ()    
t fin thickness (mm)  
Ua array averaged velocity (mm/s) 
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